We demonstrate a large angular dependence of magnetization dynamics in Ni 80 Fe 20 nanocross arrays of varying sizes. By subtle variation of the azimuthal angle (φ) of an in-plane bias magnetic field, the spin configuration and the ensuing spin-wave dynamics, including mode softening, mode splitting, mode crossover and mode merging, can be drastically varied to the extent that a frequency minimum corresponding to mode softening converts to a mode crossover, various mode splitting and mode crossover disappear and additional mode splitting appears. Numerically simulated spin-wave spectra and phase profiles revealed the nature of 
I. INTRODUCTION
Arrays of nanoscale ferromagnetic dots [1] have attracted ample interest in recent years, both in terms of fundamental physics as well as for their potential applications. During the last one decade, investigation of spin dynamics and spin wave (SW) [2] in such nanostructures has emerged as a very potent research area. This interest is triggered by the possibility of exploring new physics in such structures. On the other hand, due to the progress of nanolithography [3] , patterned nanostructures and their arrays have been emerged as systems having great potential applications such as magnetic data storage [4, 5] , memory [6] , logic devices [7] and spin torque nano-oscillators [8] . In nanodot arrays [9] , the high surface to volume ratio, inhomogeneous demagnetizing field, dipole-dipole [10, 11] interaction between the nanodots have significant effects on their magnetic properties and can lead to complex spin configuration within a single nanomagnet [12, 13] and arrays of nanomagnets [14] [15] [16] [17] [18] [19] [20] .
These complex spin configurations lead to rich variety of SW modes which have strong dependence on the strength [15] and orientation [16, 17] of the applied bias magnetic field, and on the shape [18] [19] [20] and size [9, 33] of nano-elements. Extensive research works have been carried out to investigate the magnetization dynamics in two dimensional (2-D) arrays of nanomagnets both experimentally using time-resolved scanning Kerr microscopy (TRSKM) [21] or time-resolved magneto-optical Kerr effect (TR-MOKE) microscopy [22] , ferromagnetic resonance (FMR) [23] [24] [25] , and Brillouin light scattering (BLS) [26, 27] ; and theoretically by micromagnetic simulations [28] and other numerical and analytical methods.
While the optical techniques can extract the information about local behaviour of the dynamics, the ferromagnetic resonance can measure the global dynamics of a large array. In addition, due to its advantage of being a much faster measurement technique, very detailed investigation of bias field strength and angle dependence study can be made using this technique.
Ferromagnetic cross structure received some interest in the magnetism community due to its complex spin configuration [29] . However, the ultrafast magnetization dynamics measured by time-resolved magneto-optical Kerr effect revealed very rich dynamics with a strong configurational anisotropy [30] . Later in 2015, a report [31] proposed that ferromagnetic cross-shaped elements can be used as reconfigurable spin-based logic device using SW scattering and interference. More recent study [32] on cross-shaped nanodot arrays using broadband ferromagnetic resonance (FMR) measurements showed a bias field tunable magnetic configuration and magnetization dynamics, including the presence of mode softening and mode crossover. The above results opened up the possibility of application of ferromagnetic nano-cross structures as a potential building block of magnetic storage, memory, on-chip data communication, and spin-based logic devices, and hence, thorough investigation of the magnetization dynamics of this structure with its geometric parameters and external magnetic fields has become imperative. Here, we present the experimental and numerical study of the tunability of magnetization dynamics in Ni 80 Fe 20 (permalloy, Py hereafter) nano-crosses of varying arm lengths (L) with in-plane orientation of the bias magnetic field. We use broadband ferromagnetic resonance technique and micromagnetic simulations for this work. We show that SW mode softening can be efficiently tuned by a subtle variation of the bias magnetic field orientation. Further properties such as SW mode splitting, mode crossover, mode merging and number of modes can also be easily tuned by bias field orientation, which further depend significantly on the size of the nano-cross element. We finally discuss some possible applications of the nano-cross arrays based on our observations. MHz to 50 GHz) and a homebuilt high frequency probe station with non-magnetic G-S-G type probe (GGB Industries, Model No. 40A-GSG-150-EDP) [33] . A microwave output excitation is swept in broad frequency range with power of -15 dBm and fed into the CPW structure, generating a microwave magnetic field h rf along the y-axis of the nano-cross array.
II. EXPERIMENTAL DETAILS
Additionally, an in-plane magnetic field, H, is applied along varying in-plane angle ϕ with respect to the x-axis and the output signal (S 11 ) is collected from the CPW in the reflection geometry. The measured reflection spectra are normalized by a reference measurement at high static magnetic field. A rotating electromagnet is used to apply an in-plane bias magnetic field up to 1.6 kOe. All the experiments are carried out at room temperature. [34], which is given by:
III. RESULTS AND DISCUSSION
to extract the magnetic parameters of Py film. The magnetic parameters obtained from the fitting are, saturation magnetization (M s ) = 850 emu/cc, gyromagnetic ratio (γ) = 17.85
MHz/Oe and the anisotropy field (H K ) = 0. These will be further used for numerical micromagnetic simulations of the FMR spectra of the Py nano-cross structures.
The bias-field dependent FMR spectra (real part of S 11 parameter) for Py nano-cross arrays with 400 nm ≤ L ≤ 600 nm at different bias field orientations are shown in figures (2)-(4).
They show rich SW properties, which vary non-monotonically with the bias field magnitude.
These include the observation of a crossover between the two lowest frequency branches, followed by a sharp minima and maxima of the lowest frequency branch and merging of the two highest frequency branches followed by a Y-shaped mode splitting of the highest frequency branch with the decreasing bias field. These features are further modified by changing the nano-cross dimensions, i.e. the magnitude of the bias field at which these features appear, shift towards higher field values with the reduction of nano-cross arm length.
Our purpose here is to study how these fascinating features are affected by the orientation of the bias magnetic field and whether new features can be generated.
The dip in the lowest frequency branch (Fig. 2(b) ), which is a signature of mode softening appearing due to the variation in static magnetic configuration from an S-state to the onionstate, reduces significantly and shifts drastically to higher field value as the bias field angle ϕ is rotated by only 2° (Fig. 2(c) ). This trend continues up to 5° (Fig. 2(d) ), beyond which the dip disappears and instead a mode-crossover appears at around 300 Oe for ϕ = 10° for the nano-cross array with L = 600 nm. This continues up to 15°, beyond which the crossover also disappears and at ϕ = 45°, again a dip starts to appear. The bias field for crossover between the two lowest branches at around 700 Oe suddenly extends over a broad field range at ϕ = To understand the dynamics further, we have numerically calculated the magnetostatic field distributions in the nano-cross arrays and the corresponding contour plots are shown in Fig. 7(a) for four different orientations (ϕ) of the bias field. The important observation here is that with the increase of ϕ value, the magnetic stray field line density inside the nano-cross structures increases which is probably due to increase of the uncompensated magnetic charges in the nano-cross structures in the direction of the bias field along both the arms. Line scans of the fields along the dashed lines are presented in Fig. 7(b) , which reveals an important feature. With the increase of ϕ, the internal fields decrease monotonically as plotted in Fig. 7(c) . For ϕ = 0°, the maximum stray field value is B x ≈ 10.4 kOe which decreases to B x ≈ 7.6 kOe at φ = 45°. In particular, reduction of internal field is observed near the centre of the cross with increase in ϕ. This feature is probably responsible for increase of ϕ c with reduction in L. 
IV. CONCLUSIONS
In summary, we investigated the magnetization dynamics in Ni 80 Effective magnetic field at the centre of the nano-cross for different φ values.
